Abstract Microglia provide immune surveillance for the brain through both the removal of cellular debris and protection against infection by microorganisms and ''foreign'' molecules. Upon activation, microglia display an altered morphology and increased expression of proinflammatory molecules. Increased numbers of activated microglia have been identified in a number of neurodegenerative diseases including Parkinson's disease (PD). What remains to be determined is whether activated microglia result from ongoing cell death or are involved in disease initiation and progression. To address this question we utilized a transgenic mouse model that expresses a mutated form of a key protein involved in Parkinson's disease, a-synuclein. Herein, we report an increase in activated microglia and proinflammatory molecules in 1-month-old transgenic mice well before cell death occurs in this model. Frank microglial activation is resolved by 6 months of age while a subset of proinflammatory molecules remain elevated for 12 months. Both tyrosine hydroxylase mRNA expression and a-synuclein protein are decreased in the striatum of older animals evidence of dystrophic neuritic projections. To determine whether mutated a-synuclein could directly activate microglia primary microglia-enriched cell cultures were treated with exogenous mutated a-synuclein. The data reveal an increase in activated microglia and proinflammatory molecules due to direct interaction with mutated a-synuclein.
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Together, these data demonstrate that mutated a-synuclein mediates a proinflammatory response in microglia and this activity may participate in PD pathogenesis. (Polymeropoulos et al. 1997; Kruger et al. 1998; Singleton et al. 2003; Zarranz et al. 2004; Nishioka et al. 2006) . Although the majority of PD cases are sporadic and arise from as yet unknown etiology they are posited to be caused by an interplay between genetic vulnerability and environmental toxins (Maguire-Zeiss and Federoff 2003; Migliore and Coppede 2008) . In fact, a small number of sporadic PD patients carrying SNCA duplications have recently been identified confirming that a-synuclein protein levels are important in both familial and sporadic PD (Ahn et al. 2008) . Even prior to the identification of SNCA duplication in these sporadic PD cases, a-synuclein had been associated with PD because (1) the hallmark pathologic feature, the Lewy body is replete with a-synuclein (Spillantini et al. 1997) , (2) a-Synuclein is enriched in dopaminergic presynaptic terminals which degenerate in PD, and (3) animal and cell culture a-synuclein overexpression, as well as neurotoxicant models display some of the hallmark pathological features of PD (reviewed in Emborg 2007; Chesselet 2008; Kahle 2008; Meredith et al. 2008; Terzioglu and Galter 2008) . What remains to be determined is the exact role that a-synuclein plays in the pathogenesis of PD. a-Synuclein, a 16-22 kDa protein with widespread nervous system distribution, was first isolated from the Torpedo cholinergic synaptic vesicles and later identified as the non-amyloid component of amyloid in Alzheimer's disease patients (Maroteaux et al. 1988; Ueda et al. 1993) . In a separate study, immunochemical confocal analysis localized a-synuclein to synaptophysin-immunoreactive presynaptic terminals and synaptic vesicles (Iwai et al. 1995) . Synelfin, a homolog of human a-synuclein, is upregulated during zebra finch song learning suggesting a role for a-synuclein protein in neural plasticity (George et al. 1995) . Furthermore, a-synuclein is able to rescue a mouse model deficient in cysteine-string protein a (CSPa), a chaperone protein required for refolding of SNARE (soluble NSF attachment protein receptor) complexes and critical for synaptic vesicle docking (Bonini and Giasson 2005; Chandra et al. 2005) . Another chaperone function ascribed to a-synuclein is the trafficking of the dopamine transporter (DAT) to the presynaptic terminal which when disrupted leads to dopamine dysregulation and neurotoxicity (Sidhu et al. 2004a, b) . a-Synuclein's role in the maintenance of the synapse is also supported by the observation that a-synuclein knockout mice have altered fatty acid metabolism and altered dopamine release following paired stimuli (Abeliovich et al. 2000; Golovko et al. 2005; Barceló-Coblijn et al. 2007; Golovko et al. 2007 ). Furthermore, a-synuclein is capable of regulating tyrosine hydroxylase (TH) activity, the rate-limiting step in the synthesis of dopamine (Perez et al. 2002) . Together this evidence suggests an important role for a-synuclein in the maintenance of synaptic integrity.
Wild-type human a-synuclein, as well as mutant forms of a-synuclein exist as natively unfolded monomers and possess the proclivity to misfold into oligomeric protofibrils and fibrils (Conway et al. 2000; Fink 2006 ). Several lines of evidence suggest that the pathologic role of a-synuclein is connected to its ability to self-aggregate. First, pathogenic mutations in a-synuclein have increased rates of self-assembly and fibrillization (Conway et al. 2000; Serpell et al. 2000; Greenbaum et al. 2005) . Second, fibrillar a-synuclein protein is a major component of the intracytoplasmic protein-containing inclusions, Lewy Bodies, which are a pathological hallmark of PD (Spillantini et al. 1997) . Third, studies using a-synuclein transgenic models suggest that formation of fibrillar a-synuclein is associated with neuronal dysfunction/ degeneration (Dawson et al. 2002; Moussa et al. 2004) . Taken together, a-synuclein misfolding is an apparent critical step in the pathogenesis of PD and a-synuclein mutations are implicated in accelerating the progression of disease. Studies on the pathological role of mutant a-synuclein have mainly focused on its actions within neurons where it is highly expressed and associated with neuronal death (Chung et al. 2001; Outeiro and Lindquist 2003; Wood-Kaczmar et al. 2006) . However, recent studies provide evidence that a-synuclein may exist extracellularly where it is available to interact with surrounding glia and neurons (El-Agnaf et al. 2003; Lee et al. 2005) . As a result, the study of the interaction of extracellular a-synuclein with its surrounding cellular environment in the central nervous system, especially with the environment-surveilling microglia may provide a new perspective on the neurotoxic role of a-synuclein in PD.
Increasing evidence points to an inflammatory process characterized by the activation of microglia in parallel with PD progression (McGeer and McGeer 2004; McGeer et al. 2005; Block et al. 2007 ). In the present study, we address whether microglia are activated in a mutant human asynuclein-expressing transgenic mouse model (SYN DM ?/ ?) where expression is under the direction of the tyrosine hydroxylase promoter. Our laboratory generated transgenic mice that overexpress two of the human a-synuclein mutations first identified in PD (A53T and A30P) within a single transgene sequence (hm 2 a-SYN; (Richfield et al. 2002) ). These hm 2 a-SYN mice display more severe PDrelated pathology compared to transgenic mice that overexpress wild-type human a-synuclein (hwa-SYN; (Richfield et al. 2002) ). Observed pathology in these transgenic mice include age-related loss of dopaminergic substantia nigral neurons, dystrophic neurites, increased locomotor response following amphetamine treatment, and decreased dopamine and dopamine metabolite levels with aging (Richfield et al. 2002; Thiruchelvam et al. 2004) . We have since homozygoused the a-synuclein locus for this model (SYN DM ?/?) and employ these animals in the present studies.
Herein, we present data demonstrating increased microglial activation, which is accompanied by prominent inflammation in young SYN DM ?/? mice. While the frank microglial activation is resolved by 6 months of age, several proinflammatory molecules remain up-regulated compared to non-transgenic animals. Age-related decreases in both tyrosine hydroxylase mRNA expression and double-mutant human a-synuclein (DM SYN) protein are evident in the striatum of these animals supporting a role for mutated a-synuclein in the early initiation of neuroinflammation and as a contributing factor in the nigrostriatal pathology of PD. Furthermore, we demonstrate that DM SYN directly mediates microglial activation and that this activation is partially inhibited in microglia derived from CD36-deficient mice. Taken together, this work implicates microglia as an important early mediator of PD pathogenesis and accordingly represents a productive target for early therapeutic interventions.
Materials and Methods

Animals
The transgenic mouse model overexpressing human DM SYN overexpression under the control of the 9-kb rat tyrosine hydroxylase promoter was previously developed in our laboratory (Richfield et al. 2002) . We have since homozygoused the a-synuclein locus for this model (SYN DM ?/?). Age-matched male C57BL/6 mice were used as non-transgenic controls (NTG) in all experiments. CD36-/-mice were a gift of Drs. Andrew D. Luster and Kathryn Moore (El Khoury et al. 2003) . All animal housing and procedures were performed in compliance with guidelines established by the University Committee of Animal Resources at the University of Rochester.
Bacterial Expression and Purification of a-synuclein
The bacterial expression vector pRK172 containing double-mutant human a-synuclein (dm syn) cDNA was constructed in our laboratory. DM SYN was expressed in Escherichia coli BL21 (DE3) and purified as previously described (Giasson et al. 1999; Maguire-Zeiss et al. 2006; Su et al. 2008) . DM SYN was stored in TE buffer (10 mM Tris-HCl, pH 7.5, and 1 mM EDTA) containing 20 mM sodium chloride (NaCl) at 4°C. The contamination of lipopolysaccharide (LPS) in the purified DM SYN was assessed using E-TOXATE test kits (Sigma, Saint Louis, MI). The detection limit of the kit was 0.06 Endotoxin Units.
Primary Microglial Cells
Cerebral cortices of neonatal mice (1-day old; C57BL/6 or CD36-/-) were stripped of meninges and minced in Hepes balanced salt solution (HBSS; Mediatech Inc., Herndon, VA). Cells were dissociated in minimum essential media (MEM; Invitrogen, Frederick, MD) containing Earle's salts, L-glutamine, 0.01% pyruvate, 0.6% glucose, 4% fetal bovine serum, and 6% horse serum (complete medium), centrifuged, resuspended, and plated into flasks containing 10 ml complete medium at a density of one brain per T75 flask. Cultures were grown at 37°C under 5% CO 2 . After 1 day, the flasks were tapped gently to remove cell debris, media removed and replaced with fresh complete media. Cultures were grown as above for approximately 12 days at which time the microglia were harvested by tapping the flasks and collecting the microglia-enriched containing medium. Microglia were pelleted by centrifugation (1,000 rpm, 5 min), resuspended in MEM containing 0.01% pyruvate, 0.6% glucose, and 5% fetal bovine serum and enumerated. Primary microglial cells were plated in 24-well plates on cover glass (Carolina Biological Supply Company, Burlington, NC) at a density of 4 9 10 4 cells per well. Cells were incubated for 24 h followed by the treatment with 2.5, 5, or 10 nM DM SYN. LPS (0.007 ng) and buffer treatment served as negative activation controls. All treatments were in triplicate. Following DM SYN treatment, cells were incubated for 24 h under culture conditions and analyzed by immunocytochemistry for rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba1; 1:750; Wako, Richmond, VA), a protein specifically expressed in microglia and macrophages, followed by nuclear staining (4 0 ,6-diamidino-2-phenylindole; DAPI, Invitrogen 
Immunohistochemistry
Animals
One-, 6-, and 12-month-old SYN DM ?/? and non-transgenic mice (n = 4/genotype) were sacrificed, perfused with 4% (w/v) paraformaldehyde (PFA), brains removed and post-fixed in 4% PFA overnight at 4°C. Fixed brains were then transferred to 20% (w/v) sucrose overnight and stored in 30% (w/v) sucrose at 4°C until sectioning. Brain sections (30 lm) were cut on a sliding microtome and stored in cryoprotectant (300 g/l sucrose and 30% ethylene glycol) at -20°C until immunohistochemical analyses (IHC). For IHC, sections were washed 3 times in 0.1 M phosphate buffer solution (PBS; 80 g/l NaCl, 2 g/l KCl, 11.5 g/l Na 2 HPO 4 H 2 O, 2 g/l KH 2 PO 4 ) for 10 min each followed by an overnight incubation to remove the cryoprotectant. Sections were treated with 3% H 2 O 2 (v/v) in PBS for 20 min at room temperature (RT; 22°C) followed by permeabilization in PBS containing 0.1% Triton X-100 (v/v; PBS/0.1% TX-100) for 5 min. Sections were incubated in blocking solution containing PBS/10% filtered goat serum (v/v) for 1 h at RT followed by incubation with rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba1) antibody (1:5000; Wako, Richmond, VA) or rabbit anti-human synuclein (SYN) (1:5000; Biomol, Plymouth Meeting, PA) for 2 days at 4°C. Following 3 rinses in PBS/ 0.1% TX-100/0.1% goat serum for 10 min each at RT, sections were incubated in PBS/0.1% TX-100/1% goat serum containing 2°antibody (biotinylated goat anti-rabbit immunoglobulin; 1:1000; Vector Laboratories, Burlingame, CA) for 2 h at RT followed by washes and colorimetric development (DAB; Vector Laboratories, Burlingame, CA). Controls included sections stained in the absence of 1°antibody. Iba1 specificity for activated and resting microglia was demonstrated following immunostaining of brain sections from MPTP-lesioned and untreated nontransgenic mice (MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; data not shown). MPTP-treatment has previously been demonstrated to activate microglia (Czlonkowska et al. 1996; Kohutnicka et al. 1998; Sawada et al. 2007 ). Immunostained sections were mounted on slides and sealed with cytoseal (Richard-Allan Scientific, Kalamazoo, MI). For image analysis, Iba1-positive cells were visualized using an Olympus AX-70 microscope equipped with a motorized stage (Olympus, Melville, NY) and the MCID 6.0 Elite Imaging Software (GE healthcare, Piscataway, NJ). Sections were tiled under 49 magnification. Four equal sections of substantia nigra (SN) or striatum (STR) from each mouse (n = 4 mice/genotype 9 4 sections/mouse) were analyzed in a blinded fashion. Eighty percent for SN or fifty percent for STR of the defined region of interest was assessed under 409 magnification. Two groups of morphologically distinct Iba1? cells, resting (small cell bodies and thin processes) and activated (large cell bodies and thick processes) were counted (Su et al. 2008) .
For densitometric analysis, the optical density of human a-synuclein-immunostained sections in the STR was estimated using an Olympus AX-70 microscope and a computer-assisted image analysis system as described above. The microscope captures images for striatal human a-synuclein-stained sections (8 sections per mouse; 4 mice/ genotype). For each section, the STR was first manually delineated on the screen and the optical density was assessed using MCID 6.0 Elite Imaging Software (GE healthcare, Piscataway, NJ). To estimate the human a-synuclein-immunostaining density, the optical density readings were corrected for nonspecific background density, as measured from the white matter.
Cell Culture
Following treatment, cells were washed with 19 PBS for 5 min, fixed in 4% PFA at room temperature for 20 min, permeabilized in 19 PBS containing 0.1% Triton X-100 for 5 min and blocked for 1 h with 19 PBS containing 10% goat serum. Cells were incubated overnight at 4°C with rabbit anti-Iba1 antibody (1:750; Wako, Richmond, VA) in blocking buffer, followed by a 1-h incubation with a fluorescent 2°antibody (goat anti-rabbit IgG 594; 1:500; Invitrogen, Carlsbad, CA). Unbound 2°antibody was removed by washing with 19 PBS containing 0.1% Triton X-100. Nuclei were stained with DAPI (1:5000) in 19 PBS for 5 min.
Neurotox Res (2009) 16:238-254 241 Following two washes with 19 PBS the cover glasses were mounted to slides using Mowiol solution (333 g/l glycerol, 133 g/l Mowiol, 0.133 M Tris-HCl, pH 8.5). For enumeration of total and activated microglia, six random 209 ICC images per sample were taken using an Olympus AX70 microscope (Olympus, Melville, NY). Two distinct groups of cells were counted based on cell area and morphology (circularity or elongation) using ImageJ software (NIH, Bethesda, MD). Cells were considered inactivated if the cell area was less than 1 lm 2 (27 9 27 pixels) and/or had thin and elongated morphology. All others were counted as activated [Fig. 1b and (Su et al. 2008) ].
Quantitative Real-Time RT-PCR Animals RNA was isolated from microdissected SN and STR of 1-, 6-, and 12-month-old SYN DM ?/? and non-transgenic mice using TRIZOL (Invitrogen, Carlsbad, CA) (n = 4 mice/ genotype). RNA was treated with RQ1 DNase (Promega, Madison, WI) followed by phenol:chloroform extraction and ethanol/lithium chloride precipitation. RNA integrity was determined using a bioanalyzer (Functional Genomic Center, University of Rochester, Rochester, NY). One microgram of total RNA was reverse transcribed using a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). The quality of cDNA was assessed by b-actin PCR. Ten microliters of total cDNA from each sample was used for PCR on Taqman Low Density Array Micro Fluidic Cards which were preloaded with probes and primers for 15 targets and one endogenous control 18S rRNA. The assay for each target was performed in triplicate. Real-time PCR reactions were conducted using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). The results were analyzed using the relative quantification DDC T method. First, the C T values of the target genes were normalized to the internal control gene 18S, referred to as DC T in order to correct for differences between samples. Then the relative To quantify the mRNA level for human double-mutant human a-synuclein in the SN, cDNA samples were analyzed by the 7300 real-time PCR system using quantitative real-time PCR with the specific primer and probe for human a-synuclein (Syntech). A calibration curve was generated using human a-synuclein cDNA. IL10 was quantified using real-time PCR Taqman Gene Expression Assays (IL10 [Mm00439616_m1]; Applied Biosystems, Foster City, CA). The quantification of target transcripts was based on a calibration curve (Su et al. 2008 ).
Cells
Primary microglia-enriched cells were plated in 12-well plates at a density of 2.6 9 10 5 per well for 24 h followed by incubation with 10 nM DM SYN or buffer alone for various times. Each time point was performed in triplicate. Total RNA was extracted from primary microglial cells using Trizol reagent according to the manufacturer's specifications (Invitrogen, Carlsbad, CA). Reverse transcription was conducted using a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). cDNA samples were analyzed by the 7300 real-time PCR system using quantitative realtime PCR Taqman Gene Expression Assays with specific primers and probes for the following targets:
The quantification of target transcripts was based on a calibration curve (Su et al. 2008 ).
Determination of TNFa and IL1b Levels
TNFa and IL1b secretion into microglia-conditioned media following DM SYN treatment (2.5, 5, or 10 nM DM SYN) was measured using an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (R&D Systems, Minneapolis, MN).
Fluorometric Assay of ROS Production
Primary microglia were plated in 24-well plates at the density of 1 9 10 5 cells per well for 24 h followed by treatment with 10 nM DM SYN or buffer (control) for various times. Cells were washed once with HBSS and incubated with 2 0 ,7 0 -dichlorofluorescein diacetate (DCF-DA, Invitrogen, Carlsbad, CA) in HBSS at a concentration of 7.5 lg/ml for 1 h at 37°C in the dark. DCF-DA-treated cells were washed with HBSS, and incubated for an additional 40 min in HBSS. DCF fluorescence intensities were measured using a Bio-Rad FluoromakTM Plate Reader (excitation at 485 nm and emission at 538 nm; Gain 20; Hercules, CA).
Western Blot Analysis
Primary microglial cells were plated in 6-well plates at a density of 1 9 10 6 cells per well, incubated for 24 h prior to treatment with 10 nM DM SYN or buffer only for 5, 10, or 15 min. Cells were washed in ice-cold PBS 5 times and lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4; 1% NP-40; 0.25% sodium deoxycholate; 150 mM NaCl) containing protease inhibitors (1 mM EDTA; 1 mM phenylmethylsulphonyl fluoride (PMSF); 1 lg/ml aprotinin; 1 lg/ml leupeptin; 1 lg/ml pepstatin) and phosphatase inhibitors (1 mM Na 3 VO 4 ; 1 mM NaF). Cell lysates were sonicated 3 times with 5-s bursts followed by gentle rotation for 1 h at 4°C. Lysates were cleared by centrifugation at 13,000 rpm for 5 min. Thirty micrograms of protein was subjected to denaturing polyacrylamide gel electrophoresis [ (Laemmli 1970) ; 10% PAG-SDS] and electrophoretically transferred to PVDF membrane (PerkinElmer, Wellesley, MA). Membranes were blocked for 1 h in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween) containing 5% (w/v) non-fat dry milk (NFDM), incubated with 1°anti-body in TBST containing 5% NFDM overnight with gentle shaking at 4°C, followed by 4 washes in TBST, and incubation with the appropriate horse radish peroxidaseconjugated 2°antibody. After washing for 3 9 5 min in TBST and 1 9 5 min in TBS, antibody:antigen complexes were visualized using a Western Lightning Chemiluminescence Reagent kit (PerkinElmer, Wellesley, MA). Subsequently, blots were stripped and re-probed with different 1°antibodies. b-actin served as the loading control.
Results
To evaluate microglial activation in the SYN DM ?/? transgenic mouse model, 1-, 6-, and 12-month-old SYN DM ?/? mice were examined using Iba1 immunohistochemistry analysis followed by computer-assisted unbiased cell enumeration. We observed a significant increase in activated Iba1? microglia as defined by morphological criteria (Fig. 1b) in the SN and STR of 1-month-old SYN DM ?/? compared to age-matched non-transgenic (NTG; C57/Bl6) mice (Fig. 1a, c, and d) . Moreover, a significant increase in total microglia (sum of resting Neurotox Res (2009) 16:238-254 243 microglia and activated microglia) was appreciated in the SN of 1-month-old SYN DM ?/? (Fig. 1c) . Frank microglial activation in SYN DM ?/? mice was resolved by 6 months of age (Fig. 1e-h ). Paradoxically by 12 months of age, non-transgenic animals have an apparent increase in activated microglia in the SN compared with SYN DM ?/? mice (Fig. 1g) .
To identify the potential inflammatory mediators associated with microglial activation in the young SYN DM ?/? mice, the levels of target transcripts in the SN and STR of 1-, 6-, and 12-month-old SYN DM ?/? mice were determined by relative quantitative real-time PCR (qRT-PCR) analysis using TaqManÒ Low Density Arrays (384-Well Micro Fluidic Cards) with customized probes and an endogenous control (18S ribosomal RNA). We demonstrated a prominent inflammatory process in young SYN DM ?/? mice accompanied with significant upregulation in the expression of proinflammatory mediators and downregulation of anti-inflammatory mediator gene expression (Fig. 2) . Specifically, the common microglial cell markers Iba1 and F4/80 were over 2.5-fold increased at the transcript level in both the SN and STR of SYN DM ?/? mice, supporting an increase in total and/or activated microglia which comports with the histological cell count data. In addition, the mRNA expression of the class B scavenger receptor CD36 was increased to almost 3-fold in the SN. Increasing evidence suggests that CD36 is involved in the microglia-mediated cytotoxicity associated with inflammation (Febbraio et al. 2001; Coraci et al. 2002; Cho et al. 2005) . The elevated CD36 mRNA expression suggests a role for this pattern recognition receptor in microglia-associated inflammation in young SYN DM ?/? mice. The mRNA expression levels of proinflammatory cytokines IL1b and IL6 and inflammation-inducible enzymes nitric oxide synthase iNOS (NOS2) and cyclooxygenase 2 (COX2) were also significantly increased in both the SN and STR of SYN DM ?/? mice. We observed that the increase in IL1b mRNA level within the SN was particularly remarkable, an over 15-fold increase relative to age-matched NTG mice. TNFa mRNA expression was also statistically upregulated in the STR of SYN DM ?/? mice (about 3.7-fold increase), although it did not reach significance in the SN. We further observed a significant increase in the transcript levels of the chemokine receptors Fig. 2 Target mRNA expression in the SN and STR of 1-, 6-, and 12-month-old SYN DM ?/? mice. RNA extracted from the substantia nigra (SN; a) and striatum (STR; b) of SYN DM ?/? and nontransgenic (C57/Bl6, NTG; n = 4 mice/genotype) was examined using Taqman Low Density Array Micro Fluidic Card/qRT-PCR technology to determine changes in expression levels of the indicated target mRNA (* P \ 0.05). c Results of real-time PCR Taqman Gene Expression Assay for IL10 in both the SN and STR of 1-, 6-, and 12-month-old SYN DM ?/? mice (* P \ 0.05). We observed statistically significant changes in a subset of inflammatory markers at early (1 month) and later times (6 and 12 months) compared to similarly aged non-transgenic mice c CCR3 and CX3CR1. Finally, we demonstrated using a real-time PCR Taqman Gene Expression Assay that the anti-inflammatory cytokine IL10 was downregulated, perhaps facilitating an ongoing inflammation in SYN DM ?/? mice. Taken together, the early increased microglial activation accompanied with upregulation of proinflammatory mediators suggests that inflammation plays a role in initiating the pathology of SYN DM ?/?.
Although microglial activation as defined by morphologic criteria following Iba1 immunohistochemistry was resolved by 6 months of age in SYN DM ?/? mice, the expression of a subset of inflammatory target transcripts remained upregulated compared to non-transgenic animals (Fig. 2) . Specifically, transcripts for Iba1, F4/80, TNFa, CCR3, and CXCR1 were increased in 12-month-old SYN DM ?/? SN compared to non-transgenic transcripts while CD36, IL1b, IL6, and NOS2 transcripts were increased at both 6 and 12 months of age in the same brain region. Most notably IL10 was upregulated in the SN of 12-month-old SYN DM ?/? mice suggesting an antiinflammatory response at this later timepoint. In SYN DM ?/ ? STR upregulated transcripts were observed for IL1b and COX2 at 6 months of age only. To ascertain whether there were attendant age-related changes in nigrostriatal a-synuclein and/or tyrosine hydroxylase expression we interrogated both protein and mRNA expression levels (Fig. 3) . Immunohistochemistry revealed that striatal a-synuclein was significantly decreased in 6-and 12-month-old SYN DM ?/? mice compared with 1-month-old SYN DM ?/ ? animals while the mRNA expression patterns were not significantly different (Fig. 3a and b) . Furthermore, older SYN DM ?/? mice had a significant reduction in tyrosine hydroxylase mRNA expression in the STR compared to younger mice (Fig. 3c) . Taken together, these data suggest that following early microglial and proinflammatory activation presynaptic striatal terminals become compromised as SYN DM ?/? mice age. The mechanism(s) underlying the early microglial activation in SYN DM ?/? mice remains to be investigated. We recently demonstrated that wild-type human a-synuclein was capable of activating microglia directly in a cell culture system (Su et al. 2008) . Previous studies have shown that microglia have greater response to aggregated wildtype human a-synuclein than monomeric wild-type human a-synuclein (Zhang et al. 2005; Thomas et al. 2007 ). Since the two point mutations, A30P and A53T, have been shown to accelerate a-synuclein aggregation in vitro (Narhi et al. 1999) , we hypothesized that DM SYN would be a potent activator of microglia.
To examine the activating effect of DM SYN on microglia, primary microglial-enriched cultures from C57/ BL6 (non-transgenic; NTG) mice were treated with various amounts of exogenous DM SYN. To eliminate the Progressive reduction in a-synuclein and tyrosine hydroxylase expression in the SYN DM ?/? striatum with age. Optical densities of human a-synuclein-immunostained striatal sections at three time points were analyzed using a computer-assisted image analysis system (8 sections/mouse; 4 mice/genotype; * P \ 0.05). The densities of a-synuclein-positive striatal (STR) terminals were significantly decreased at 6 and 12 months of age compared to the 1-month time point (a). Quantitative real-time RT-PCR for human a-synuclein mRNA (hSYN) revealed no significant differences in hSYN expression with age (b). Real-time RT-PCR for tyrosine hydroxylase (TH) mRNA revealed a down-regulation of TH mRNA expression in the striatum of 12-month-old SYN DM ?/? compared with age-matched non-transgenic mice (c; * P \ 0.05) possibility that microglial activation might be triggered by contaminating lipopolysaccharide (LPS) that could co-purify with bacterially expressed and purified DM SYN, the amount of LPS contamination in the DM SYN sample (10 nM) was predetermined and added to parallel cultures of microglia as a control (0.007 ng LPS). As shown in Fig. 4 DM SYN activates microglia in a dose-dependent manner, as determined by a distinct change in cell size and morphology ( Fig. 4a and b) . The activated Iba1? microglia possess large cell bodies with an amoeboid shape, while resting microglia display an elongated shape. As predicted DM SYN (10 nM) triggered activation, assessed using this morphologic assay, in approximately 90% of microglia. Neither buffer nor 0.007 ng LPS treatment caused significant microglial activation, confirming that activation was due to the presence of DM SYN.
As noted above, we observed a prominent increase in the level of IL1b mRNA level in the SN and STR of 1-month-old SYN DM ?/? mice. In addition, TNFa gene expression was also significantly upregulated in the STR. Although the cellular localization of IL1b and TNFa requires further investigation, extensive evidence supports that microglia are the major source of these proinflammatory cytokines (Banati et al. 1993; Combs et al. 2001; Kim and Joh 2006) . Consequently, we next examined the release of IL1b and TNFa in the microglia-enriched cultures treated with DM SYN. These results demonstrated that microglia produce IL1b and TNFa in a dose-dependent fashion in response to DM SYN and suggest an inflammatory process driven directly by DM SYN-mediated microglial activation ( Fig. 4c and d) .
Double-mutant human a-synuclein-stimulated microglial production of IL1b and TNFa suggested the possibility of an activation of signaling pathways triggering an inflammatory cascade. Therefore, we next explored the key components of the microglia-mediated inflammatory cascade. Previous work has demonstrated that upregulation of the proinflammatory cytokines TNFa, IL1b, IL6, COX2, and NOS2, reactive oxygen species-associated enzyme NADPH oxidase (NOX2), and the immunosuppressive cytokine IL10 paralleled microglial activation (Knott et al. 2000; McGeer et al. 2005; Ovanesov et al. 2006; Purisai et al. 2006; Su et al. 2008) . To evaluate the mRNA expression of the above inflammatory mediators during the microglial activation process, we exposed microglial cultures to 10 nM DM SYN for various periods of time followed by qRT-PCR analysis of isolated RNA.
Quantitative RT-PCR results revealed time dependent changes in the patterns of TNFa, IL1b, IL6, COX2, NOS2, NOX2, and IL10 mRNA expression following DM SYN Fig. 4 Exogenously applied double-mutant a-synuclein activates cultured microglia. Primary microglia-enriched cultures were prepared from the cerebral cortices of neonatal mice (1-day-old C57BL/6). Cells were incubated with buffer, double-mutant a-synuclein (DM SYN; 2.5, 5, or 10 nM) or 0.007 ng LPS for 24 h (n = 3/condition). Activated Iba1? microglia were enumerated following Iba1 immunocytochemistry with cell counting based on cell area and morphology (a; circularity or elongation) using ImageJ software (NIH, Bethesda, MD).
Cells were considered inactivated if the cell area was less than 1 lm 2 (27 9 27 pixels) or displayed thin and elongated morphology. All other Iba1? cells were considered ''morphologically'' activated. We observed a DM SYN dose-dependent activation response (b). Likewise, conditioned media from DM SYN-treated microglia demonstrated a dose-dependent increase in both IL1b (c) and TNFa (d) release, respectively. Buffer only and 0.007 ng LPS served as negative controls (* P \ 0.05) treatment (Fig. 5) . In the control buffer-treated cultures, a low baseline mRNA level for all investigated mediators was observed. The kinetics of TNFa and IL1b mRNA expression showed a similar pattern (Fig. 5a and b) whereby expression of these cytokines rapidly increased, within 0.75 h, peaked at 4 h and then declined. At 24-h TNFa mRNA was still elevated compared to buffer-treated microglia while IL1b expression had returned to baseline. By contrast, IL6 mRNA expression displayed a delayed increase beginning at 2 h with a prominent peak at 8 h (approximately 31-fold over basal levels) before returning to baseline by 24 h (Fig. 5c) . The temporal profile for COX2 mRNA followed a very similar pattern to TNFa and IL1b with a peak at 4 h (Fig. 5d) indicative of a primary COX2 response to DM SYN, rather than a secondary response triggered by TNFa and/or IL1b. Compared with COX2, NOS2 gene expression had a delayed pattern, with a moderate increase by 2 h followed by a peak at 8 h (Fig. 5e) . Elevated NOS2 expression was still evident at 24 h. In contrast, the kinetics of NOX2 gene expression was maintained at basal levels until the 24-h time point when an increase was observed (Fig. 5f) . Consistent with the qRT-PCR results, the production of cellular ROS in microglial cultures was not increased until 24 h after exposure to DM SYN (Fig. 5h) . Finally, the immunosuppressive cytokine IL10 mRNA expression pattern was biphasic; initially increased at 0.75 h, followed by a decline at 4 h and a second increase at 8 h (Fig. 5g) . IL10 mRNA levels remained upregulated compared to control treated cultures at 24 h. Double-mutant human a-synuclein-induced microglial production of proinflammatory cytokines and neurotoxic effectors, such as nitric oxide (NO) and reactive oxygen species (ROS), suggests that microglial activation may endanger neurons. We reasoned therefore that attenuation of double-mutant human a-synuclein-mediated microglial activation might be achieved by blocking the interaction between DM SYN and microglia, potentially a receptormediated process (Klegeris et al. 2008; Su et al. 2008) . Multiple membrane receptors have been implicated in microglial activation and intracellular signal transduction pathways (Block et al. 2007 ). Among those, the class B scavenger receptor CD36 has been implicated in microglial phagocytosis of another misfolded protein, fibrillar amyloid b (Koenigsknecht and Landreth 2004) . Moreover, we previously demonstrated that WT SYN-dependent microglial activation was attenuated in CD36 deficient cultures (Su et al. 2008) . Since double-mutant human a-synuclein shares the self-aggregation propensity of amyloid b and wild-type human a-synuclein, we postulated that the scavenger receptor CD36 might be involved in double-mutant human a-synuclein-stimulated microglial activation as well.
To investigate the role of CD36 in signaling microglial activation, primary CD36-deficient (CD36-/-) mouse microglia-enriched cultures were examined following treatment with exogenous double-mutant human a-synuclein (DM SYN). CD36-/-microglia were treated with 2.5, 5, or 10 nM DM SYN for 24 h followed by immunocytochemistry and Iba1? cell enumeration categorized by microglial activation stages (activated or resting microglia). C57BL6 (C57) cultures were used for comparison. The results demonstrate that whereas CD36-/-and C57 microglia responded to DM SYN in a dosedependent fashion, CD36-/-microglial activation was attenuated compared to C57 (Fig. 6a) . We next examined whether CD36 status affected the amount of IL1b and TNFa released into the microglial-conditioned media. With a low dose of DM SYN (5 nM) the production of IL1b and TNFa was reduced in CD36-/-microglial cultures compared to C57-derived microglia (IL1b, P = 0.07; TNFa, P \ 0.05) while at the highest dose of DM SYN (10 nM) IL1b and TNFa production was comparable between CD36-/-and C57 cultures (Fig. 6b and c) . Utilizing these cultures we investigated the downstream signaling pathway normally activated in response to CD36 engagement. We hypothesized that the extracellular signal regulated kinase (ERK) signaling pathway might be interrupted in doublemutant human a-synuclein-treated CD36-/-microglia (DM SYN). Protein extracts from CD36-/-and C57 microglia following treatment with 10 nM DM SYN for 5, 10, or 15 min were subjected to western blot analysis for total ERK and phosphorylated ERK. As shown in Fig. 6d , the signal for phosphorylated ERK (pERK) was attenuated in CD36-/-microglia cultures compared to C57 cultures at the earliest time point (*2.5-fold reduction; density ratio of pERK to b-actin). Collectively, these results demonstrate that CD36 is involved in DM SYN-mediated microglial activation and suggest that blockade of CD36 may represent a potential therapeutic strategy to attenuate microglial activation.
Discussion
The goal of the present study was to investigate the effect of PD-related human a-synuclein genetic mutations on microglia. To address this, the activation status of microglia was examined in 1-, 6-, and 12-month-old transgenic mice expressing double-mutant human a-synuclein (a single transgene containing both the A53T and A30P mutations). The results presented herein demonstrate that young 1-month-old SYN DM ?/? mice develop a prominent microglia-mediated inflammation that resolves by 6 months of age. The expression of proinflammatory molecules increases at 1 month of age and for a subset of molecules remains upregulated relative to similarly aged non-transgenic mice (6-and 12-months old). Concomitant with changes in proinflammatory molecules aged SYN DM ?/? mice exhibit decreased double-mutant human a-synuclein density in the STR in the absence of significant alterations in the attendant mRNA expression and reduced tyrosine hydroxylase mRNA expression within the same region. To further dissect the mechanism(s) underlying this increased microglial activation in the SYN DM ?/? mice we used a primary microglia-enriched cell culture model and treated the cultures with exogenously expressed and purified double-mutant human a-synuclein (DM SYN). Similar to the results from our in vivo model, these data demonstrate that exogenously applied DM SYN had a greater potency to activate cultured microglia in comparison with wild-type human a-synuclein [10 nM DM SYN vs 250 nM WT SYN (Su et al. 2008) ]. This activation process was partially mediated by CD36 and the downstream activation of the ERK signaling pathway. Together, these findings identify double-mutant human a-synuclein as a potent trigger of microglial activation and illustrate the contribution of neuroinflammation in the pathophysiological effects of mutant a-synuclein in PD.
The identification of early microglial activation accompanied by upregulation of proinflammatory mediators in SYN DM ?/? mice is of great interest. Our data indicate that an early event, vastly antedating any neuropathological changes, is the initiation of microglial activation and neuroinflammation in the affected brain regions (SN and STR) of a PD-related transgenic mouse model. Previously, the double-mutant human a-synuclein animal model demonstrated age-related changes which included dystrophic neurites and alterations in dopamine metabolism (Richfield et al. 2002) while dopaminergic cell death was not significant until the animals were greater than 15-months old (Thiruchelvam et al. 2004) . For this reason we assume that very few if any dopaminergic neurons die in our SYN DM ?/? mice at the early time point (1 month) where we observed increased microglial activation. Therefore, in the SYN DM ?/? mice the trigger for early microglial activation is unlikely due to proinflammatory molecules released from dead neurons. More likely signals emanating from viable neurons are responsible for this activation. One candidate is double-mutant human a-synuclein itself since a-synuclein has been shown to be released from cells in culture following overexpression Fig. 6 Attenuation of a-synuclein-mediated microglial activation in CD36-/-derived cultures. Primary microglia-enriched cultures were prepared from the cerebral cortices of neonatal control and CD36-null mice (C57BL/6 and CD36-/-). Cells were incubated with doublemutant a-synuclein (DM SYN; 2.5, 5, or 10 nM) or buffer alone for 24 h followed by Iba1 immunocytochemistry and enumeration of labeled cells. We observed a reduction in activated microglia from CD36-/-cultures (a; * P \ 0.05). Likewise, the release of IL1b and SMFa protein from microglia-conditioned media was either delayed or reduced in the CD36-/-cultures (b and c; * P \ 0.05). To evaluate the effect of CD36 status on phospho-ERK1/2 (pERK1/2) production, primary C57Bl/6 and CD36-/-microglia-enriched cells were incubated with 10 nM DM SYN for 5, 10, or 15 min and cell lysates prepared. Cell lysates (30 lg) as well as 10 ll of purified nonphospho-ERK2 and phospho-ERK2 were analyzed by western blot analysis using anti-phospho-ERK1/2, ERK1/2, and b-actin antibodies (d) followed by densitometric analysis. This analysis demonstrated that pERK1/2 production in CD36-/-microglia at the earliest time point was 2-fold less than in similarly treated C57 microglia (d). Taken together, these data demonstrate a reduced effect of DM SYN on CD36 knock-out microglia compared to C57BL/6 microglial suggesting this scavenger receptor is in part responsible for DM SYNdependent microglial activation Neurotox Res (2009) 16:238-254 249 (Su et al. 2008 (Su et al. 2008) . Moreover, our in vitro studies demonstrated that the concentration of human a-synuclein necessary to induce approximately 90% microglial activation was 10 nM for DM SYN, compared with 250 nM for WT SYN (Su et al. 2008) . Our findings are consistent with a recent study that demonstrated differential abilities of human a-synuclein and mutant forms of a-synuclein to induce cytotoxicity (Klegeris et al. 2008) . The difference between WT SYN-and mutant a-synuclein-directed pathology is purported to be due to their different propensities to self-aggregate. This ability to form misfolded/ oligomeric forms may also be responsible for our reported differences between wild-type and DM SYN-directed microglial activation.
Increasing evidence suggests that overproduction of proinflammatory cytokines in the CNS contributes to neuronal cell death in a number of neurodegenerative diseases and that the major cellular source for these cytokines is activated microglia (Banati et al. 1993; Carson et al. 2004; Dheen et al. 2007 ). In the present study, we observed that mRNA expression for the proinflammatory cytokines IL1b and IL6, and the inflammation-inducible enzymes NOS2 and COX2 were significantly elevated in the SN and STR of 1-month-old SYN DM ?/? mice. Likewise, we demonstrated an inflammatory cascade in response to exogenous doublemutant human a-synuclein in primary microglia-enriched cultures. Together these data suggest that double-mutant human a-synuclein initiates a cascade of events leading to the induction of multiple cytokines and neurotoxic factors including prostaglandins (PGs), NO, and ROS.
In this inflammatory process, IL1b and/or TNFa may play a crucial role in setting this cascade in motion. The present in vitro study demonstrates the rapid up-regulation of mRNAs for IL1b and TNFa which precedes the induction of NOS2 and NOX2, suggesting IL1b and/or TNFa are prominent regulators that stimulate the subsequent production of free radicals, such as NO and ROS. Previous studies reported that IL1b and TNFa exert toxic effects by binding to their cognate receptors, IL1-R1 and TNFR1, respectively, triggering downstream signaling pathways that activate transcription factors, such as NFjB or AP1 which in turn lead to the production of NO and ROS (Bonizzi et al. 1999; Zhang et al. 2000; Li et al. 2006 ). IL1b-/TNFa-stimulated NO/ROS production has been suggested to be detrimental in several neurodegenerative disorders including AIDS dementia complex, multiple sclerosis, Alzheimer's disease, and PD (Brosnan et al. 1997; Akama and Van Eldik 2000; Gloire et al. 2006) . Therefore, disruption of IL1b and TNFa signaling pathways by neutralizing these cytokines or blocking their receptors may provide potential therapeutic interventions for several neurodegenerative diseases.
Here we also demonstrated changes in CCR3 mRNA expression. The increased expression of CCR3 raises the question as to what role it may play in microglial activation and migration. CCR3 can serve as a receptor for several chemokines found in the central nervous system (CNS), including CCL2 (MCP1), CCL8 (MCP2), CCL3 (MIP-1a), CCL4 (MIP-1b), and CCL5 (RANTES) (Glabinski and Ransohoff 1999; Fife et al. 2000; Siebert et al. 2000; Gerard and Rollins 2001) . In the CNS, CX3CR1 is only expressed by microglia (Harrison et al. 1998 ) and its exclusive ligand fractalkine (CX3CL1) is synthesized by neurons. It has been shown that neurons suppress microglial activation through the CX1CR3-fractalkine signaling pathway (Cardona et al. 2006) . Therefore, the upregulation of CX1CR3 implies a neuron-mediated compensatory response to DM SYN-induced inflammation.
In the present study, the expression of IL10 mRNA increased rapidly and then dropped back to basal levels at 4 h in parallel with the peak expression of TNFa and IL1b. After 8 h, the expression of IL10 mRNA increased again to a much higher degree than the initial elevation. It has been shown that IL10 suppresses inflammation via deactivating monocytes/macrophages/microglia and inhibiting the production of proinflammatory cytokines (Kishore et al. 1999; Lee et al. 2002; Qian et al. 2006; Rajasingh et al. 2006) . This early IL10 expression may be a compensatory response of the microglia to attenuate the inflammatory process. However, our data indicated that the production of IL10 at these early time points was insufficient to suppress proinflammatory cytokine production. The rebound of IL10 mRNA expression at the later time points may be attributable to a stronger autoregulatory mechanism which remains to be further investigated. Furthermore, in vivo SYN DM ?/? mice demonstrate a delayed upregulation of IL10 mRNA expression suggesting these animals are mounting a compensatory response to the early expression of proinflammatory molecules.
As professional phagocytes, microglia have evolved to express various surface receptors that engage a wide range of molecular determinants (Block et al. 2007) . Scavenger receptor CD36 is a pattern recognition receptor and its expression on microglia in CNS has been previously established . The major function of CD36 is to facilitate cell adhesion to various native and pathological substances with subsequent transduction of intracellular signals with relevance to inflammation, phagocytosis, and endocytosis . Increasing evidence suggests that CD36 mediates adhesion of microglia to fibrillar amyloid b (Husemann et al. 2001; Coraci et al. 2002) . Additionally, we previously demonstrated that CD36 plays a role in wild-type human a-synuclein-mediated microglial activation (Su et al. 2008 ). The present study showed that the expression of CD36 mRNA was significantly elevated in young SYN DM ?/? mice. Moreover, inflammatory responses to double-mutant human a-synuclein in CD36-/-microglial cell cultures were attenuated. Taken together, the results suggest a role of CD36 in double-mutant human a-synuclein-dependent microglial activation as well. It should be noted that microglial activation is not exclusively CD36-mediated since we observed pronounced microglial activation and proinflammatory cytokine production in CD36-/-cultures treated with higher concentrations of DM SYN. In addition, the activation of the downstream signaling molecule ERK1/2 was only partially inhibited in CD36-/-microglial cultures. In short, the results indicate that multiple receptors may be involved in facilitating microglial activation. A recent study demonstrated that microglial neurotoxicity secondary to mutant a-synuclein (A30P and A53T) treatment is primarily mediated by the macrophage antigen-1 (Mac-1) receptor, rather than by internalization of mutant a-synuclein by scavenger receptors (Zhang et al. 2007 ). It has also been shown that engagement of the Mac-1 receptor is linked to the activation of downstream NADPH oxidase and ERK1/2, leading to the release of ROS and inflammatory mediators such as prostaglandin E2 (PGE 2 ) (Zouki et al. 2001; Zhang et al. 2003) . Therefore, Mac-1 receptor maybe one compensatory mechanism utilized in our CD36 knockout culture system allowing for continued microglial activation in response to doublemutant human a-synuclein.
In conclusion, early microglia-mediated neuroinflammation was observed in vivo in a transgenic model of PD which expresses double-mutant human a-synuclein in dopaminergic neurons and in vitro in DM SYN-treated microglia-enriched cultures. The in vitro studies suggest double-mutant human a-synuclein as a putative direct trigger of microglial activation and attendant proinflammatory cascades. Present findings imply that mutant forms of a-synuclein not only contribute to neurodegeneration directly by interacting with neuronal intracellular machinery, but also indirectly by activating microglia extracellularly, leading to the production of proinflammatory substances. In our model there is an apparent loss of presynaptic tyrosine hydroxylase positive fibers in older SYN DM ?/? mice following the initial microglial activation. Together these studies suggest that PD therapeutic strategies directed at prevention of a-synuclein-directed microglial activation either by blocking direct interaction with surface receptors on microglia or by interrupting/ regulating the microglial-mediated inflammation cascades may prevent downstream pathogenesis.
